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ABSTRACT
Striped bass (Morone saxatilis) were collected from the mainstem of Chesapeake 
Bay from 2002 -  2005 in order to more thoroughly examine the impact of 
mycobacteriosis on the trophic ecology and growth dynamics o f striped bass. Overall 
diet differences between disease-positive and disease-negative striped bass were assessed. 
Spatial, inter-annual, intra-annual, and ontogenetic variations in diet for diseased-positive 
and disease-negative fish were also evaluated to provide a comprehensive description of 
predator-prey trophic interactions with respect to infection status. Parameter estimates 
from both the von Bertalanffy and the power model were tested to determine differences 
in the length-at-age and weight-at-length relationships between disease-positive and 
disease-negative fish. Overall diet analysis indicated that Bay anchovy (Anchoa 
mitchilli), polychaete worms (Polychaeta spp.), mysid shrimp (Neomysis americana), and 
isopods (Isopoda)/amphipods (Amphipoda) were the dominant prey items. A canonical 
correspondence analysis (CCA) showed no significant difference between the diet of 
disease-positive and disease-negative fish (p > 0.05). Spatial and temporal difference in 
diet were significant (p < 0.05) and most likely reflected prey availability, prey migration 
patterns, and peaks in prey abundance within the bay. There was a notable lack of 
Atlantic menhaden (Brevoortia tyrannus) in the diet of striped bass with respect to 
previous studies, lending support to the idea of change in the forage base. Although there 
were no significant differences in diet between diseased and non-diseased striped bass, 
there were significant differences in the length-at-age and eviscerated weight-at-length 
relationships. Given no difference in diet, slower growth and lower maximum size could 
be the result o f energy reallocation to fight the mycobacteriosis rather than being put into 
somatic growth.
v
CHAPTER ONE: INTRODUCTION
1
Life History
Distribution, migration, and spawning
Striped bass (Morone saxatilis) is an anadromous fish found along the east coast 
of North America from the Gulf of St. Lawrence, Canada to the St. John’s River, Florida, 
with the majority of the population found between Massachusetts and North Carolina 
(Merriman 1941). In November and December a portion of striped bass migrate south 
into the deep channels of rivers, estuaries, and offshore waters o f Virginia and North 
Carolina. During summer, Atlantic coast striped bass migrate north and inhabit areas 
offshore of New England where they remain until fall.
In spring, striped bass move up into rivers along the Atlantic coast of the US to 
spawn (Pearson 1938, Merriman 1941, Dorazio et al. 1994). Spawning occurs by mature 
striped bass in freshwater between April and June. Male striped bass mature between 
ages 3 - 5 ,  while females reach maturity between ages 4 - 6  (Pearson 1938, Merriman 
1941, Berlinsky et al. 1995). Larvae hatch two to four days after spawning, depending on 
temperature, and initially remain near the spawning area. As the larvae grow, they begin 
to drift downstream and start feeding after approximately five days and larger than 5 mm 
in length on copepods, cladocerans, and rotifers (Mansueti 1958, Beaven and Mihursky 
1980, Setzler-Hamilton et al. 1982, North and Houde 2003). Larvae metamorphose into 
juveniles near the river mouth ( 3 - 4  weeks after hatching) and remain in the estuary and 
its tributaries where they mature (Pearson 1938, Merriman 1941, ASMFC 2003; Fig. 2). 
Chesapeake Bay is the primary spawning grounds and an important nursery area for 
striped bass (North and Houde 2001, Atlantic States Marine Fisheries Commission
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(ASMFC) 2003), contributing up to 90% of the Atlantic coast striped bass population 
annually (Merriman 1941, Berggren and Lieberman 1978, Wirgin et al. 1993).
Within Chesapeake Bay the striped bass population is composed of both a 
migratory and non-migratory component (Kohlenstein 1981, Dorazio et al. 1994). The 
non-migratory population in the bay consists of two groups, immature females (up to age- 
3 or -4) and young males (up to age-4 or -5). These fish migrate only within the bay, 
moving toward the mouth in the summer and the fall (Kohlenstein 1981, Dorazio et al. 
1994, ASMFC 2003). The probability o f migration out of the bay and into coastal waters 
increases with increasing size and since on average, male striped bass are smaller than 
female striped bass at a given age, males reach an older age before migrating (Pearson 
1938, Dorazio et al. 1994). The migratory population remains mostly in coastal waters 
and returns to Chesapeake Bay in spring to spawn (Merriman 1941, Kohlenstein 1981).
Diet
Flistorically, Atlantic menhaden (Brevoortia tyrannus) have been the dominant 
prey of striped bass (Pearson 1938, Merriman 1941). More recent research conducted in 
Chesapeake Bay confirms that menhaden have been the primary prey of striped bass 
(Dovel 1968, Hartman and Brandt 1995, Griffin and Margraf 2003). Dovel’s (1968) 
research was conducted in the mid-1960s and only focused on the Maryland portion of 
Chesapeake Bay. Fishes were the main prey types, with Atlantic croaker (Micropogonias 
undulatus) and menhaden dominating the diet by weight. Sampling conducted by 
Hartman and Brandt (1995) was predominately restricted to the Maryland portion of 
Chesapeake Bay and did not investigate the ontogenetic differences beyond age-3.
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Atlantic menhaden was the dominant prey item in age-1 and older fish accounting for up 
99.1% of the diet by weight. Griffin and Margraf (2003) analyzed archived data 
collected during the 1950’s in the Maryland portion of the Bay. In their study, Atlantic 
menhaden was found to be the dominant prey item, accounting for over 60% of the diet 
by weight.
Growth
Several studies have focused on characterizing the growth of the early life stages 
of striped bass (Rutherford and Houde 1995, Cooper et al. 1998, Hartman 2000, Buckel 
and McKown 2002). While other studies have sampled older age classes, none have 
done so recently (Pearson 1938, Merriman 1941, Mansueti 1961, Nicholson 1964). 
Pearson (1938) showed that males and females grow at the same rate for the first year of 
life. Males then grow faster from age-1 to age-4, while females grow both faster and 
larger than males after age-4. Merriman (1941) showed that growth peaks at age-3, 
declines by age-4, and plateaus until age-7, where it again slows. Mansueti (1961) found 
that males and females grew at the same rate up to age-3, after which females grew faster 
and larger. This was also found to be true in the length-weight relationship, with females 
weighing more than males of the same length. Nicholson (1964) investigated the amount 
of compensatory growth, where growth rate increases in individual fish due to low 
population levels, in four year-classes of striped bass over a four-year period and found 
that compensatory growth varied over both year and year-class.
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Fisheries
Striped bass are a commercially and recreationally important species, providing 
over $300 million to the US economy (Richards and Rago 1999, ASMFC 2003). 
Commercial landings along the Atlantic coast of the US peaked in 1973 at 14.8 million 
pounds (lbs) and declined to a low of 0.2 million lbs by 1989 (ASMFC 2003, NMFS 
landings data, Fig. 1). The decline in commercial landings reflected the decline of the 
striped bass population along the Atlantic coast beginning in the mid-1970s and reached a 
record low in the mid-1980s (ASMFC 2003). The Chesapeake Bay population was one 
of the most affected by the decline and in 1979 an amendment to the Anadromous Fish 
Conservation Act created the Emergency Striped Bass Study (ESBS) program as an 
initial step to understand the striped bass decline. The primary objectives of the ESBS 
were to identify the factors of the decline, monitor the population, and assess the 
economic consequences of the decline (ASMFC 2003).
In 1981, the ASMFC enacted the first Fishery Management Plan (FMP) for 
striped bass as part of the Interstate Fishery Management Program. The FMP 
recommended management strategies that included size limits and spawning season 
closures in order to maintain a spawning stock biomass, minimize the possibility of 
recruitment failure, and insure rebuilding of the severely depleted spawning stock in 
Chesapeake Bay (ASMFC 1981). Since the ASMFC did not have direct regulatory 
authority at that time, implementation of management regulations was at the discretion of 
individual states. Despite the suggested harvest restrictions, abundance of the Atlantic 
coast striped bass population continued to decline, likely due to modest implementation 
of FMP. However in 1984, Congress passed the Atlantic Striped Bass Conservation Act
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(PL 98-613) which allowed the federal government to implement moratoria on states 
which failed to implement and enforce the ASMFC management regulations (ASMFC 
2003). Subsequent to this legislation, Maryland placed a total moratorium on the striped 
bass fishery in hopes of restoring population abundance.
In 1985, the first documented amendment to the ASMFC’s FMP for striped bass, 
Amendment 3, refined the goals of the original FMP. It stated that the target fishing 
mortality rate should be set to maintain at least 95% of female striped bass from the 1982 
and subsequent year-classes in Chesapeake Bay until they were able to spawn at least 
once. This mandate was to continue until a three-year average index value of 8.0 was 
achieved by the State of Maryland’s young-of-year survey (YOY) (ASMFC 1985). 
Amendment 4 to the FMP was enacted in 1989, the objectives of which were to conserve 
and preserve the striped bass coastal migrating stocks. In order to conserve and preserve 
the striped bass stocks ASMFC defined target fishing rates and made suggestions to the 
states to establish specific fishing seasons, bag limits, and spawning ground closures in 
the case o f severally depressed stocks. Amendment 4 also established criteria for 
determining if the striped bass stock was recovered and then establishing higher target 
fishing rates. The striped bass stocks were considered recovered when the three year 
running average for the young-of-year (YOY) indices was higher than 8.0. Following 
Amendment 4, Virginia placed a total moratorium on the striped bass fishery (ASMFC 
1989, ASMFC 2003).
By late 1989 the three year YOY average was above the specified criterion and in 
1990 the fishery in both Maryland and Virginia was reopened (ASMFC 2003). With the 
Atlantic coast striped bass stock beginning to rebuild, ASMCF made another amendment
to the striped bass FMP. Amendment 5 was designed to replace the original FMP and 
focused on setting harvest levels to maintain “self-sustaining” spawning stock biomass. 
Amendment 5 also established monitoring and reporting requirements for the states 
(ASMFC 1995). Once the striped bass stock was restored, ASMFC needed to make 
another revision to the striped bass FMP and therefore they established amendment 6 in 
2003 to manage exploitation in order to maintain an age structure that enhances spawning 
potential, maintain stock size, implement a coast-wide management approach, and 
implement a long term management regime and is the current document under which 
striped bass is managed (ASMFC 2003).
Mycobacteriosis
Mycobacteria are commonly found bacteria, with many species occurring in 
aquatic environments (Lansdell et al. 1993, Dailloux et al. 1999). Mycobacteria are slow 
growing, acid fast, bacteria that usually result in chronic systemic infections causing 
granulomatous inflammation in the visceral organs, predominantly the spleen (Lansdell et 
al. 1993, Dialloux et al. 1999, Vogelbein et al. 1998, Gauthier et al. 2003). 
Mycobacteriosis was first described in carp (Cyprinus carpio) in the late 1800s (Bataillon 
et al. 1897, Dalsgaard et al. 1992). Several years later in 1913, mycobacteriosis was 
described in a cod species (Gadus callarias) by Alexander and Johnstone, the first 
description in a marine species of fish (citation found in Dalsgaard et al. 1992). Since its 
initial description, mycobacteriosis has been found in a number of wild and cultured fish 
species (Fledrick et al. 1987, Dalsgaard et al. 1992, Vogelbein et al. 1998, Stine et al. 
2005). Species of Mycobacterium found in fishes, include Mycobacterium chelonae, M.
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fortuitum , M. marinum, M. scrofulaceum, M. shottsii, M. simiae, M. pseudoshottsii 
(Lansdell et al. 1993, Vogelbein et al. 1998, Hedrick et al. 1987, Rhodes et al. 2004, 
Rhodes et al. 2005). Of these mycobacteria, M. chelonae, M. fortuitum , and M. marinum 
are considered human pathogens (Dailloux et al. 1999).
Mycobacteriosis was first described in a wild population of striped bass along the 
Pacific coast o f the US in the early 1980s. Striped bass were found to display 
granulomas in the liver, kidney, and spleen. Up to 68% of these fish were infected with 
mycobacteria (Sakanari et al. 1983). In 1998, the first occurrence o f mycobacteriosis in 
Chesapeake Bay striped bass was described. Striped bass were found to display skin 
lesions and granulomatous inflammation of the spleen, kidney, and heart associated with 
acid-fast bacteria (Vogelbein et al. 1998). Recent studies have shown two new species,
M. shottsii and M. pseudoshottsii, to be the dominant mycobacteria isolated from 
diseased fish (Gauthier et al. 2003, Rhodes et al. 2004).
Currently, mycobacteria have been found in up to 76% of the striped bass 
population inhabiting various parts of Chesapeake Bay (Cardinal 2001, Gauthier et al. 
2003, Overton et al. 2003, Rhodes et al. 2004). With the recent increase in the striped 
bass population and the high prevalence of this disease, it is critical to understand the 
impacts mycobacteriosis has on the biology, ecology, and population of striped bass. 
Many studies have shown that fish in the terminal stage of mycobacteriosis exhibit loss of 
body condition and loss o f appetite (Hedrick et al. 1987, Heckert et al. 2001, Overton et 
al. 2003). It has also been suggested that a shift in the diet of Chesapeake Bay striped 
bass over the last ten years may be connected to the presence of mycobacteriosis 
(Overton et al. 2003), yet none of these studies have attempted to address this issue.
Introduction of thesis
The first portion of this thesis (Chapter 2) presents the results of a diet study of 
striped bass sampled from the mainstem of Chesapeake Bay, to more thoroughly examine 
potential differences in the diet o f striped bass with or without mycobacteriosis. While 
previous diet studies represent an important first step in our understanding of striped bass 
trophic interactions, a more thorough investigation of the effects of spatial, temporal, and 
ontogenetic changes on striped bass diet are needed, especially with regard to the recent 
development of mycobacteriosis in Chesapeake Bay striped bass and under conditions of 
high, potentially record level, abundance (Evans and Norton 2000, ASMFC 2003). 
Overall diet differences between disease-positive and disease-negative striped bass are 
initially assessed. Spatial, inter-annual, intra-annual, and ontogenetic variations in diet 
for disease-positive and disease-negative fish are also evaluated to provide a 
comprehensive description of predator-prey trophic interactions with respect to disease 
status.
The second portion of this thesis (Chapter 3) presents the results o f an age and 
growth study o f striped bass sampled from the mainstem of Chesapeake Bay. The focus 
of this study was to examine differences in growth in relation to the presence of 
mycobacteriosis instead of assessing overall population-level growth dynamics. While 
substantial research has been conducted on the pathology of mycobacteria, virtually no 
attempts have been made to assess the impacts that mycobacteriosis may have on the 
biology, ecology, and population of striped bass. Limited data exist on the overall 
growth dynamics of striped bass previous to the outbreak of mycobacteriosis, making 
comparisons to the pre-outbreak population difficult. However, a first step in
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understanding the impacts mycobacteriosis has on the striped bass population is to 
characterize the age-structure and growth dynamics of disease-positive and disease- 
negative fish. The length-at-age and weight-at-length relationships were assessed to 
determine differences between disease-positive and disease-negative striped bass. Sexual 
dimorphism in growth, as well as disease status by sex, was also evaluated to determine 
any differences in growth dynamics in order to provide a comprehensive description of 
the growth dynamics of infected and non-infected fish in Chesapeake Bay.
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FIGURE CAPTIONS
Figure 1. Annual Atlantic coast striped bass commercial and recreational landings from 
1950 to 2004.
Figure 2. Life cycle o f striped bass (a.) egg two days after fertilization, (b.) larvae three 
days after hatching (-4.4 mm), (c.) larvae ten days after hatching (-9  mm), (d.) juvenile 
age-1 (~130mm), (e.) adult age-5 (~547mm). Images from Pearson (1938).
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CHAPTER TWO: TROPHIC ECOLOGY OF STRIPED BASS (.MORONE SAXATILIS) 
IN CHESAPEAKE BAY, WITH PARTICULAR REFERENCE TO DISEASE STATUS
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Abstract
Id recent years, striped bass inhabiting Chesapeake Bay have exhibited high 
prevalence of visceral and dermal disease caused by Mycobacterium  spp., which has 
created concern about the continuing health of this species. We present results of a diet 
composition study of striped bass sampled from the mainstem of Chesapeake Bay that 
was designed to examine differences in diet according to disease status. A canonical 
correspondence analysis (CCA) showed no significant differences in the overall diet 
composition of disease-positive and disease-negative striped bass. However, when 
spatial, inter-annual, intra-annual, and ontogenetic variations in diet were examined, a 
CCA indicated all explanatory variables were significant except fish size. In general, the 
diet of both groups of fish was dominated by bay anchovy (Anchoa mitchilli), polychaete 
worms (Polychaeta spp.), and mysid shrimp (Neomysis americana). The documented 
spatial and temporal differences in diet composition most likely reflected prey 
availability, prey migration patterns, and peaks in prey abundance within the bay. While 
there was not a significant in diet composition with respect to disease status, frequency of 
feeding, stomach fullness, and severity of disease were not assessed.
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Introduction
Striped bass (Morone saxatilis) are found along the east coast of North America 
from the Gulf o f St. Lawrence, Canada to the St. John’s River, Florida (Merriman 1941). 
They are commercially and recreationally important, providing over $300 million to the 
US economy (Richards and Rago, 1999; ASMFC, 2003). Commercial landings in 
Chesapeake Bay peaked in 1973 at 7.9 million pounds (lbs) and declined to a low of 0.6 
million lbs 10 years later. This decline in landings reflected trends in the abundance of 
striped bass along the Atlantic coast, with record low levels occurring in the mid-1980s 
(ASMFC, 2003). The Chesapeake Bay population was one of the most affected by the 
decline, and Maryland and Virginia placed moratoria on fishing in 1984 and 1989, 
respectively. A combination of reduced fishing pressure and favorable environmental 
conditions have led to a six- to eight -fo ld  increase in Atlantic coast striped bass biomass 
over the last 20 years (Evans and Norton, 2000; Uphoff, 2003).
Historically, Atlantic menhaden (Brevoortia tyrannus) have been the dominant 
prey of striped bass (Pearson, 1938; Merriman, 1941). More recent research conducted in 
Chesapeake Bay confirms that menhaden are the primary prey of striped bass (Dovel, 
1968; Hartman and Brandt, 1995; Griffin and Margraf, 2003). Dovel’s (1968) research 
was conducted over a single three-month period in the winter of 1962 and only focused 
on adult striped bass caught in gill nets off Cove Point, MD. Hartman and Brandt’s 
(1995) sampling was predominately restricted to the Maryland portion of Chesapeake 
Bay and did not investigate the diet differences beyond age-3. Griffin and Margraf 
(2003) analyzed archived samples collected in the 1950’s and again, all fish were 
collected from the Maryland portion of the Bay. Although these studies have contributed
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significantly to our understanding of striped bass trophic interactions, the samples 
analyzed in each o f these studies do not represent broad spatial, temporal, and/or 
ontogenetic ranges. To ultimately develop a population-level understanding of the 
predatory impacts of striped bass in Chesapeake Bay, an investigation that more 
thoroughly examines the effects of spatial, temporal, and ontogenetic changes on striped 
bass diet is needed.
Since 1997, striped bass in Chesapeake Bay have been found to display dermal 
lesions and granulomatous inflammation in the visceral organs, predominately the spleen, 
and kidney, associated with acid-fast bacteria (Vogelbein et al., 1998; Rhodes et al.,
2004). These lesions were caused by Mycobacterium spp. (Vogelbein et al., 1998), and 
prevalence of mycobacteriosis, ranging from 28.8 % to 76%, has been documented in 
samples of striped bass collected from various parts of Chesapeake Bay (Cardinal, 2001; 
Gauthier et al., 2003; Overton et al., 2003; Burge et al., 2004; Rhodes et al., 2004). 
Mycobacteriosis is a subacute to chronic disease common in wild and captive fishes 
worldwide. This disease was first described in a wild population of striped bass along the 
Pacific coast o f the US in the early 1980s, where it was discovered that up 68% of the 
striped bass examined had been disease (Sakanari et al., 1983). To date, mycobacteriosis 
has been found in wild populations of striped bass along the West coast of the US in 
California and Oregon and along the East coast of the US from North Carolina to New 
York (Sakanari et al., 1983; Heckert et al., 2001; Overton et al., 2003; Rhodes et al.,
2004; USGS, 2005). Recent studies have shown two species, M. shottsii and M. 
pseudoshottsii to be the dominant isolates obtained from disease-positive fish (Gauthier 
et al., 2003; Rhodes et al., 2004; Rhodes et al., 2005).
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Several studies have focused on the description of mycobacteriosis in striped bass, 
while virtually no work has been done to assess the impacts mycobacteriosis may have on 
the biology and ecology of striped bass. Many studies have shown that fish in the 
terminal stage of mycobacteriosis exhibit loss of body condition and loss of appetite 
(Hedrick et al. 1987, Heckert et al. 2001, Overton et al. 2003). It has been suggested that 
a shift in the diet of Chesapeake Bay striped bass over the last ten years may be 
connected to the presence of mycobacteriosis (Overton et al., 2003), yet none of these 
studies have attempted to address this issue.
In the Chesapeake Bay region there is great concern about the health of the striped 
bass population, largely due to anecdotal evidence that the forage base (e.g., Atlantic 
menhaden) cannot support the predatory demand and that an inadequate food supply is 
linked to the high prevalence of disease in the bay. It is possible that the dietary shift has 
resulted in expression of mycobacteriosis. In this paper, we present the results of a diet 
study of striped bass sampled from the mainstem of Chesapeake Bay, to more thoroughly 
examine differences between disease-positive and disease-negative striped bass and to 
provide a more comprehensive analysis of striped bass diet. Overall diet differences 
between disease-positive and disease-negative striped bass are initially assessed. Spatial, 
inter-annual, intra-annual, and ontogenetic variations in diet for diseased-positive and 
disease-negative fish are also evaluated to provide a comprehensive description of 
predator-prey trophic interactions with respect to infection status.
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Methods 
Field collections
The data analyzed were collected by the Chesapeake Bay Multispecies 
Monitoring and Assessment Program, an on-going trawl survey conducted by the 
Virginia Institute of Marine Science (Latour et al., 2003). From 2002 through 2005, 
striped bass were sampled bimonthly from March to November in the mainstem of 
Chesapeake Bay by the ChesMMAP survey. Approximately 80 sites were sampled 
during each cruise, and sampling locations were selected based on a stratified random 
design, which consisted of five latitudinal regions, each of approximately 30 minutes of 
latitude, and three depth strata: 3.0m-9.1m, 9.1-15.2m, and >15.2m (Figure 1). Stations 
were randomly selected without replacement and the number o f sites sampled for each 
latitudinal region/depth stratum combination was proportional to surface area of the 
stratum. At each station a 13.7m (headrope length) 15.2 cm mesh otter trawl was towed 
at about 6.5km/h for 20 minutes in the same direction as the tidal current. When striped 
bass were collected, five specimens where taken from each size-class (if distinct size 
classes were present) and measured for fork length and weight. Sex and maturity stage 
were determined in the field by macroscopic examination. Otoliths and spleens were 
removed and preserved for later processing in the laboratory. The remaining striped bass 
were measured for length, counted, and released. A total of 1397 striped bass was 
collected for diet analysis and assessment of disease state.
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Laboratory procedures - diet
In the laboratory, each stomach was removed from preservative and rinsed with 
fresh water. The stomachs were weighed both full and once emptied. The contents were 
sorted and identified to the lowest possible taxon, counted, blotted dry, weighed (to the 
nearest 0.001 g), and measured (when possible to the nearest 0.1mm) (Hyslop, 1980).
Laboratory procedures -histology
Spleens were fixed in Z-fix for at least 72 hours and then divided transversely into 
six approximately equal portions, removing an additional 1 -2 mm section between 
portions. Portions were then processed for routine paraffin histology (Prophet et al., 
1994). If all six portions for an individual spleen would not fit in one cassette, portions 
were randomized and distributed to multiple cassettes. Sections were cut at 5 pm and 
stained with hematoxylin and eosin (HE). One section of up to six spleen portions and a 
50pm step section were included on each slide. Tissue sections were examined on an 
Olympus AX-70 light microscope for the presence of granulomas. A granuloma was 
defined as any lesion containing epithelioid macrophages (Cotran et al., 1999). 
Granulomas containing helminth parasites were not counted. Granulomas with multiple 
necrotic core regions but confluent epithelioid cell layers were counted as single lesions. 
HE-stained sections were examined for granulomas until a) 12 sections (6 sections + 6 
50pm step sections) per fish were determined to be negative, or b) granulomas were 
found. Original sections were always counted before step sections.
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Diet analysis
Diet was analyzed using percent weight, as it is of greatest interest to current 
ecological modeling efforts, to identify the main prey in the diet o f striped bass inhabiting 
the Chesapeake Bay region (Hyslop, 1980). Because trawl sampling essentially produces 
a cluster of striped bass for each location, the percent weight of the diet was calculated 
using cluster sampling method (Buckel et al., 1999). The contribution of each prey type k 
to the diet by weight (% Wk) was calculated by
o/0Wt = ^ ------- *1 0 0 , (1)
where
QL1 ik W;
and where n is the number o f trawls that contain striped bass, M t is the number of striped 
bass collected at sampling location i, is the total weight of all prey types encountered 
in the stomachs of striped bass collected from sampling location i, and w,* is the total 
weight o f prey type k  in these stomachs. The variance estimate for %Wk is given by 
(Buckel et al., 1999):
var(%Wk) = ~ ^ i ------------    . (2)
nM  n — 1
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Disease, spatial, temporal, and ontogenetic variability
Canonical correspondence analysis (CCA; ter Braak, 1986), a multivariate direct 
gradient analysis technique, was used to first explore the differences in diet between 
disease-positive and disease-negative striped bass, based on splenic pathology. The CCA 
was performed using program CANOCO, version 4.5 (Microcomputer Power, Ithaca, 
NY). As a secondary analysis, the CCA was also used to explore the relationship 
between striped bass diet and four factors, namely, salinity region (oligohaline: 0-6ppt, 
mesohaline: 6-18ppt, and polyhaline:>18ppt), year of capture (2002, 2003, 2004, and
2005), month (March, May, July, September, and November), and fish size (<650mm 
and >650mm) irrespective of disease status (i.e., diet of disease-positive and disease- 
negative striped bass were combined).
To examine the ontogenetic differences in diet using CCA, it was first necessary 
to group striped bass into size-classes. Specimens were grouped into 25mm size-classes 
so that all members o f the size-class exhibit relatively similar diet composition and diet 
was calculated for each size-class using equation (1). After 10% of the size-classes were 
trimmed due to low probability density in order to minimize outliers, a cluster analysis 
(Euclidean distance, average linkage method -  SAS 2002) was used to determine broad 
size-categories (Figure 2). The cluster analysis links the 25mm size-classes together into 
groups by maximizing the similarities in diet between size-classes. The 25mm size- 
classes are then aggregated, in a hierarchical manner, into larger clusters of increasing 
dissimilar diet composition. This allows for striped bass to be grouped into broader size- 
classes based on diet composition similarities rather than arbitrary size groupings 
(McGarigal et al., 2000).
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A scree plot, where the average distance between clusters was plotted against the 
number of clusters, was used to determine the number of broad size-categories to be used 
in the CCA. Typically, the slope of scree plot is steep initially and then either begins to 
level off or the slope begins to decrease more gradually. The point at which the curve 
begins to level off/decreases more gradually indicates the number of broader size- 
categories that can be derived from the cluster analysis. Therefore, two broad size- 
categories, fish <650mm and fish > 650mm, were used for further diet analyses (Figure 3, 
McGarigal et al., 2000).
Each element of the CCA response variable matrix was the percent weight of a 
given prey type, at a given sampling site, in a particular location, year, month, and size 
combination. The matrix was log-transformed (ln[x+l]) to account for the log-normal 
distribution of the data (Garrison and Link, 2000). Observations (sample sites) 
containing fewer than three striped bass and blocks (i.e. either presence of 
mycobacteriosis or salinity/year/month/size category) containing fewer than three 
observations were excluded to eliminate variance issues related to small sample size.
Results 
Overall diet
O f the 1991 striped bass stomachs collected from 2002 to 2005, 1397 (70.2%) 
contained prey. Striped bass diet was composed of 147 prey types, 98 of which were 
identifiable to species level (31 fishes and 67 invertebrates). Prey types that contributed 
little to the overall diet were combined into broader taxonomic groups in order to more 
efficiently present the diet data. Bay anchovy (Anchoa mitchilli), polychaete worms
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(Polychaeta spp.), and mysid shrimp (Neomysis americana) were the main prey of striped 
bass, collectively accounting for greater than 50% of the diet (16.9%, 15.4%, and 15.0%, 
respectively; Figure 4).
Mycobacteriosis and diet
Striped bass diet was first analyzed to investigate differences of disease-positive 
versus disease-negative fish. O f the 1037 striped bass processed for histology, 511 
(49.3%) were disease-positive and 526 (50.7%) were disease-negative. The CCA 
indicated that the presence of mycobacteriosis was not a significant explanatory variable 
of striped bass diet (p > 0.005). The diets o f disease-positive and disease-negative striped 
bass were therefore combined and spatial, temporal, and ontogenetic variability were 
examined irrespective of the presence of mycobacteriosis.
Spatial, temporal, and ontogenetic variability
The CCA indicated that salinity regime (p = 0.028), month (p = 0.001), and year 
(p  = 0.003) were all statistically significant explanatory variables o f striped bass diet 
(Figure 5). Fish size was the only factor that did not explain a significant amount of the 
variability in striped bass diet. Together, these variables explained 7.1% of the variation 
in striped bass diet, which was comparable to previous studies applying this technique 
(Link et al., 2002; Link and Garrison, 2002).
Polychaetes were the dominant prey item (30.3%) in spring and decreased in 
importance during summer and fall. Mysid shrimp composed a substantial component of 
the diet in the spring and comprised over half (56.1%) of the striped bass diet by weight
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in September. Bay anchovy was the primary prey item in the diet of striped bass in July 
(24.8%), a major component in fall, and relatively unimportant in spring. While Atlantic 
menhaden was not a major component of the diet during spring and summer, it became 
increasingly important in fall, comprising 12.0% of the diet in November (Figure 6). 
With respect to inter-annual variability, bay anchovy was the dominant prey item in 2002 
comprising 50.7% of the diet and was an important prey item in 2003 and 2004. Mysid 
shrimp were a major component of striped bass diet throughout the years of sampling 
(2002-2005) and the dominant prey item in 2003 and 2005 (26.3% and 15.0%, 
respectively). Polychaete worms were also a key prey item in the diet for the duration of 
this study and dominated the diet in 2004 (22.6%). Atlantic menhaden was a substantial 
component of the diet in 2002 and 2005 (11.4% and 10.3% respectively), but was very 
low in importance in 2003 and 2004 (Figure 7).
Changes in salinity with respect to diet appear to reflect the salinity ranges of the 
prey populations. As salinity increased, so did the presence of menhaden in the diet 
peaking in the polyhaline region at 9.3% of the diet. Mysid shrimp was a consistent 
component o f the diet throughout the salinity range and dominated the diet (16.9%) in 
oligohaline waters. Bay anchovy also remained an important component of the diet 
throughout the entire bay and was the dominant prey item in polyhaline waters (20.6%). 
Isopods and amphipods and clams were important components of the diet in oligohaline 
waters and decreased in importance as salinity increased. Polychaetes were the primary 
prey types in the mesohaline section of the bay (18.3%), but decreased in importance in 
the higher and lower salinity waters (Figure 8).
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Discussion
No significant difference was found between the diet composition of disease- 
positive and disease-negative striped bass. While this may seem contradictory to 
previous studies (Hedrick et al., 1987; Heckert et al., 2001; Overton et al., 2003) severity 
of mycobacteriosis, stomach fullness, and frequency of feeding were not assessed. It is 
possible that most of the striped bass that tested positive for the disease where only 
mildly infected. If this is the case, the mildly infected striped bass could possible have a 
similar diet to disease-negative and fish and therefore no difference in diet may be 
detected. Another possible explanation is that while disease-positive striped bass are 
consuming the same types of prey as disease-negative striped bass, disease-positive 
striped bass may not be consuming the same amounts of prey as disease-negative striped 
bass. It is also possible that disease-positive fish may have higher energy requirements 
than do disease-negative fish. This increased energy demand might explain previous 
findings of emaciated striped bass. A more complete understanding of the physiological 
effects of mycobacteriosis on striped bass is needed to better understand the impacts of 
this disease on the feeding ecology o f striped bass.
Spatial and temporal differences in striped bass diet likely reflect prey 
availability, prey distributions, and peaks in prey abundance within the bay. Bay 
anchovy abundance peaks in Chesapeake Bay in the late summer to fall and then declines 
in the winter when anchovies migrate to the lower portion and out of Chesapeake Bay 
(Wang and Houde, 1995). Juvenile menhaden begin to school and migrate out of the 
tributaries from the late summer to fall (Nicholson, 1978). This pattern is reflected in the 
diet of striped bass with both fishes composing major components o f the diet in the
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mainstem in summer and fall but of lower importance during the spring. While the 
relative percentages o f the prey species in the diet of striped bass differs from previous 
studies (Hartman and Brandt, 1995), the general trend of invertebrates dominating the 
diet in the spring months and fishes becoming more important in the summer and fall was 
similar. Inter-annual variations in striped bass diet appear to mirror abundance estimates 
of prey types. There was a correlation between years in which the abundance o f bay 
anchovy and Atlantic menhaden was high and years in which there was a large 
percentage of those fishes in the diet (VIMS Juvenile Fish and Blue Crab Trawl Survey, 
Maryland DNR Striped Bass Seine Survey). With the exception of bay anchovy, 
invertebrates dominated the diet of striped bass in oligohaline waters, while coastal fish 
species, such as Atlantic menhaden and spotted hake, increased in importance as salinity 
increased.
Throughout the size range of striped bass in this study (89-101 Omm), no 
ontogenetic diet shift was observed. This is contradictory to previous studies in 
Chesapeake Bay which showed a shift to piscivory between 100 and 200mm (Hartman 
and Brandt, 1995b; Nemerson and Able, 2003) and may be reflective of current striped 
bass predatory-prey interactions. In the current study, fish less than 200mm showed a 
similar diet to fish larger than 200mm. Although the CCA did not show fish size to be 
significant factor, it does appear that larger striped bass are eating slightly more fishes 
than smaller striped bass. While the relative percentages of prey types varied somewhat 
between small and large fish, the majority of the diets for both size-classes consisted of 
the same three prey types (Bay anchovy, polychaetes, and mysid shrimp). Hunter (1981) 
showed that while the underlying diet of many fish species may remain the same, the size
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range of the prey types increases with increasing predator size. This could explain why 
striped bass size was not a significant factor in explaining the variability in diet 
composition.
Our data suggest that menhaden have relatively little importance in the diets of 
striped bass in Chesapeake Bay, where as bay anchovy, polychaete worms, and mysid 
shrimp were the dominate prey in the stomachs of striped bass. This result is in direct 
contrast to previous research (Dovel, 1968; Hartman and Brandt, 1995; Griffin and 
Margraf, 2003) and could be an indication of a change in the structure of the forage base 
community. Since 1993, menhaden recruitment to Chesapeake Bay has been consistently 
low despite the notion that the coastal stock assessment indicates a healthy menhaden 
stock (i.e., spawning stock biomass above B m s y ,  not overfished, overfishing not 
occurring; ASMFC, 2006). However, it has been suggested that there is a relative 
imbalance between the prey demand of striped bass and the abundance of juvenile 
menhaden in Chesapeake Bay (i.e., there are not enough menhaden in the bay to support 
the energy requirements of the striped bass; Uphoff, 2003; ASMFC, 2004) and the lack of 
menhaden in the stomachs of striped bass in the present study supports this hypothesis.
However, the difference in the relative amounts of menhaden in the diet could be 
due to the differences in the calculations of the diet index, since previous studies have 
calculated the percent weight of prey types in the diet differently than in the current 
study. The cluster method was used rather than a simple random method as in previous 
studies because the variability in the diet of striped bass within each tow was lower than 
the variability between tows and therefore the tows were not treated as an independent 
sample. The variability within tow was small due to the ChesMMAP tow duration and
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area swept being small relative to the entire sampling area (i.e., mainstem Chesapeake 
Bay) and the prey field in a given area is assumed to be relatively uniform. If percent 
weight of the prey types in the current study is calculated in the same way as in previous 
studies, Atlantic menhaden becomes the number one prey type (42.5%) versus fifth in 
importance (6.3%) using the current calculations. We believe that the current method of 
calculating percent weight provides a more accurate portrayal of striped bass diets in 
Chesapeake Bay. Previous studies may therefore have overestimated the importance of 
menhaden in the diet.
With the recent increase in population size and the development of 
mycobacteriosis in Chesapeake Bay striped bass, it is even more important to quantify the 
effects of striped on the forage base and vise versa. Our study suggests less of a 
dependence on Atlantic menhaden and greater dependence on bay anchovy and 
invertebrate prey, compared with earlier studies. This lack of menhaden in the diet could 
be indicative of a shift in the prey communities, however it appears that the differences in 
striped bass diet between the current study and previous studies are due to differences in 
the diet index calculations. It has been suggested that either a change in the prey field or 
a lack of sufficient amounts of prey may be directly related to development of 
mycobacteriosis (Hartman, 2003; Overton et al., 2003). At this point, however, it is 
unclear whether a change in the forage base and/or an increase in population size of 
striped bass can be linked to the high level of mycobacteriosis seen in Chesapeake Bay 
striped bass.
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FIGURE CAPTIONS
Figure 1. Sampling locations for striped bass collected by ChesMMAP survey (circles) 
during 2004. Similar spatial coverage was observed in 2002, 2003, and 2005 for 
ChesMMAP.
Figure 2. Cluster diagram representing the relationship of diet composition of 25mm size 
classes of striped bass. The trim observations represent size-classes eliminated due to 
low probability density.
Figure 3. Scree plot showing the number o f clusters and the average distance between 
clusters used to determine the number of size-classes for diet analysis of striped bass.
Figure 4. Overall diet composition (percent weight) of the 1397 striped bass analyzed for 
diet composition.
Figure 5. Canonical Correspondence Analysis (CCA) biplot for striped bass collected 
from 2002-2005. Arrows represent significant explanatory variables and points represent 
prey types.
Figure 6. Diet composition (percent weight) of striped bass by month (a), year (b), and 
salinity (c).
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CHAPTER THREE: IMPACTS OF MYCOBACTERIOSIS ON THE GROWTH 
DYNAMICS OF STRIPED BASS (MORONE SAXATILIS) IN CHESAPEAKE BAY
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ABSTRACT
Over the past decade, striped bass (Morone saxatilis) in Chesapeake Bay have 
exhibited a high prevalence of mycobacteriosis, a chronic disease caused by 
Mycobacterium spp. To date, research has focused primarily on understanding the 
pathology of this disease, and very little attention has been directed at characterizing the 
impacts o f mycobacteriosis on the biology of this commercially and recreationally 
important species. We present results of a striped bass growth study designed to evaluate 
potential differences in growth dynamics according to disease status. From 2003 -  2005, 
length-at-age and weight-at-length data were collected from disease-positive and disease- 
negative striped bass inhabiting the mainstem of Chesapeake Bay. Parameter estimates 
from both the von Bertalanffy and the power models fitted to these data were tested to 
determine differences in length-at-age and weight-at-length relationships among disease- 
positive and disease-negative fish, males and females, and disease-positive and disease- 
negative fish by sex. Significant differences in the length-at-age relationship were 
detected between disease-positive and disease-negative males and between disease- 
positive and disease-negative females. The eviscerated weight-at-length relationships 
were also all significantly different among the various groups compared. It is possible 
that these differences in growth are due to mycobacteriosis diseased striped bass 
allocating energy to fight the disease rather than into somatic growth, however more 
work is needed in this area.
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INTRODUCTION
The striped bass (Morone saxatilis) population along the Atlantic coast of the 
United States has fluctuated over the past 50 years. Striped bass commercial landings 
peaked in 1973, after which landings began to decline reaching a low in 1983 (ASMFC 
2003, NMFS landings data). The decline in commercial landings reflects the decline of 
the striped bass population beginning in the mid-1970s and reaching a record low in the 
mid-1980s (ASMFC 2003). The Chesapeake Bay population was one of the most 
affected by the decline, and Maryland and Virginia placed moratoria on fishing during 
the late 1980s. A combination of reduced fishing pressure and favorable environmental 
conditions have led to increase in population over the last 20 years and the striped bass 
population is currently thought to be at record levels (ASMFC 2003).
Concurrent with this increase in population size has been the detection of 
mycobacteriosis (Vogelbein et al. 1998). Mycobacteriosis is a chronic bacterial 
infectious disease responsible for granulomatous inflammation of the visceral organs, 
primarily the spleen and kidney and skin lesions (Vogelbein et al. 1998, Rhodes et al. 
2004). Since its first detection, mycobacteriosis has been found in up to 76% of the 
striped bass population inhabiting various parts of Chesapeake Bay (Cardinal 2001, 
Gauthier et al. 2003, Overton et al. 2003, Rhodes et al. 2004). Mycobacteriosis was first 
described in a wild population of striped bass along the Pacific coast o f the US in the 
early 1980s and it was found that up to 68% of the fish examined were infected (Sakanari 
et al. 1983). To date, wild populations of striped bass with mycobacteriosis have been 
found on the West coast of the US in California and Oregon and along the East coast of
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the US from North Carolina to New York (Sakanari et al. 1983, Heckert et al. 2001, 
Overton et al. 2003, Rhodes et al. 2004, USGS 2005).
Mycobacteria are commonly occurring bacteria, with many species occurring in 
aquatic environments (Lansdell et al. 1993, Dailloux et al. 1999). The first case of 
mycobacteriosis in a fish species was described in 1897 in aquacultured carp (Cyprinus 
carpio) and was discovered in a marine species 16 years later (cod, Gadus callarias, a 
race of Atlantic cod, Gadus morhua -  described in Dalsgaard et al. 1992). Since its first 
description, several species of Mycobacteria have been found in wild and cultured fish 
species, the most common of which is M. marinum (Hedrick et al. 1987, Dalsgaard et al. 
1992, Vogelbein et al. 1998, Stine et al. 2005). Recent studies have shown two species, 
M. shottsii and M. pseudoshottsii to be the dominant isolates obtained from disease- 
positive fish (Gauthier et al., 2003; Rhodes et al., 2004; Rhodes et al., 2005.
To better understand the effects of mycobacteriosis on the striped bass population 
in Chesapeake Bay it is necessary to accurately characterize the age-structure and growth 
dynamics o f this component of the population. Limited data exist on the overall growth 
dynamics of striped bass previous to the outbreak of this disease making comparisons to 
the pre-outbreak population difficult. Several studies have focused on characterizing the 
growth o f the early life stages of striped bass (Rutherford and Houde 1995, Cooper et al. 
1998, Hartman 2000, Buckel and McKown 2002). Whereas other studies have sampled 
older age classes, none have done so recently (Pearson 1938, Merriman 1941, Mansueti 
1961, Nicholson 1964). Pearson (1938) showed that males and females grow at the same 
rate for the first year of life. Males then grow faster from age-1 to age-4, while females 
grow both faster and larger than males after age-4. Merriman (1941) showed that growth
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peaks at age-3, declines by age-4, and plateaus until age-7, where it again slows.
Mansueti (1961) found that males and females grew at the same rate up to age-3, after 
which females grew faster and larger. This was also found to be true in the length-weight 
relationship, with females weighing more than males of the same length. Nicholson 
(1964) investigated the amount o f compensatory growth in four year-classes of striped 
bass over a four-year period and found that compensatory growth varied over both year 
and year-class.
In this paper, we present results of a striped bass growth study designed to 
evaluate potential differences in growth dynamics according to disease status. From 
2003 -  2005, length-at-age and weight-at-length data were collected from disease- 
positive and -negative striped bass inhabiting the mainstem of Chesapeake Bay. Due to 
low sample sizes of larger, older fish, the primary objective of this study was to examine 
differences in growth in relation to the presence of mycobacteriosis rather than assessing 
overall population-level growth dynamics. Differences in the length-at-age and weight- 
at-length relationships of striped bass were examined according to sex and diseases status 
to provide a comprehensive description of the impact of mycobacteriosis on the growth 
dynamics of striped bass in Chesapeake Bay.
METHODS
FIELD COLLECTIONS
The data analyzed in this study were collected from two fisheries-independent 
surveys conducted by the Virginia Institute of Marine Science (VIMS). The bulk of the 
length-at-age and weight-at-length data were collected by the Chesapeake Bay
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Multispecies Monitoring and Assessment Project (ChesMMAP). The ChesMMAP 
samples were augmented by age-0 striped bass collected by the VIMS Juvenile Striped 
Bass Seine Survey to increase the sample size of smaller, younger fish.
From 2002 through 2005, striped bass were sampled bimonthly from March to 
November in the mainstem of Chesapeake Bay by the ChesMMAP survey.
Approximately 80 sites were sampled during each cruise, and sampling locations were 
selected based on a stratified random design, which consisted of five latitudinal regions, 
each of approximately 30 minutes of latitude, and three depth strata: 3.0m-9.1m, 9.1- 
15.2m, and >15.2m (Figure 1). Stations were randomly selected without replacement and 
the number of sites sampled for each latitudinal region/depth stratum combination was 
proportional to surface area of the stratum. At each station a 13.7m (headrope length)
15.2 cm mesh otter trawl was towed at about 6.5km/h for 20 minutes in the same 
direction as the tidal current. When striped bass were collected, five specimens where 
taken from each size-class (if distinct size classes were present) and measured for fork 
length and weight. Sex and maturity stage were determined in the field by macroscopic 
examination. Otoliths and spleens were removed and preserved for later processing in 
the laboratory. The remaining striped bass were measured for length, counted, and 
released.
The Juvenile Striped Bass Seine Survey, designed to sample young-of-the-year 
fishes (YOY), was used to augment the length-at-age data since ChesMMAP rarely 
collects age-0 fish. Seine samples were collected monthly from July to September of 
2003 through 2005 in the Virginia tributaries (Rappahannock, York, and James Rivers) of 
Chesapeake Bay. At each sampling location, a 30.5 m long, 1.22 m deep, 0.64 cm bar
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mesh minnow seine was deployed perpendicular to the shoreline, leaving the onshore 
brail in a fixed position and the offshore end was pulled down-current and back to shore. 
All striped bass were counted and measured for length. Because weights were not 
recorded, striped bass collected by the seine survey were used only in the length-at-age 
analyses.
LABORATORY PROCEDURES - AGEING
In the laboratory, a transverse cut was made through the right otolith of each 
specimen on either side of the core using two three-inch Beuhler diamond wafering 
blades. The section was mounted on a glass slide in crystal bond and wet sanded as 
needed. Three independent readers aged all otoliths and a sub-sample of 100 otoliths was 
randomly selected for a second reading. Otolith sections were viewed using a dissecting 
microscope with transmitted light. Ages were assigned assuming an April 1 birth date, 
which corresponds to the midpoint o f the spawning season in Chesapeake Bay. If at least 
two or three readers agreed on an age then the modal age was assigned to that fish. If all 
three readers disagreed, the otoliths were read again and the modal age of six readings 
was assigned. Ages were assigned to the specimens collected by the seine survey using 
cut-off values determined from length frequencies.
LABORTATORY PROCEDURES -  HISTOLOGY
Spleens were fixed in Z-fix for at least 72 hours and then divided transversely into 
six approximately equal portions, removing an additional 1-2 mm section between 
portions. Portions were then processed for routine paraffin histology (Prophet et al.
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1994). If all six portions for an individual spleen would not fit in one cassette, portions 
were randomized and distributed to multiple cassettes. Sections were cut at 5 pm and 
stained with hematoxylin and eosin (HE). One section of up to six spleen portions and a 
50pm step section were included on each slide. Tissue sections were examined on an 
Olympus AX-70 light microscope for the presence of granulomas. A granuloma was 
defined as any lesion containing epithelioid macrophages (Cotran et al. 1999). 
Granulomas containing helminth parasites were not counted. Granulomas with multiple 
necrotic core regions but confluent epithelioid cell layers were counted as single lesions. 
HE-stained sections were examined for granulomas until a) 12 sections (6 sections + 6 
50pm step sections) per fish were determined to be negative, or b) granulomas were 
found. Original sections were always counted before step sections.
GROWTH MODELS
Due to low sample sizes of larger, older striped bass in the ChesMMAP 
collections, the primary objective of this study was to examine the impacts of 
mycobacteriosis on the growth dynamics of the striped bass in Chesapeake Bay and not 
to characterize overall population level growth dynamics. We therefore chose to apply 
the traditional von Bertalanffy (1938) growth model to investigate potential differences in 
the length-at-age relationship among disease-positive versus disease-negative fish, males 
versus females, and for disease-positive and disease-negative fish by sex (i.e. disease- 
positive males, disease-negative males, disease-positive females, and disease-negative 
females). The von Bertalanffy model takes the form:
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L, = £„(1 - e ~ k{'~'‘) ) , (1)
where Lt is length at age t, L« is the asymptotic length, k is the instantaneous growth rate 
coefficient, and to is the theoretical age at length zero. A single random representative 
sample o f the seine survey striped bass was used in each of the length-at-age data sets in 
order to eliminate significant differences in the von Bertalanffy parameter estimates 
between each o f the different data sets.
Gaullucci and Quinn (1979) developed a reparameterized version of the von 
Bertalanffy model to give the following equation:
L , = j [ (2)
where
co = kLm.
The reparameterized von Bertalanffy model is useful when comparing the length-at-age 
relationship between two populations. The advantages o f using co over k and L«, as a test 
parameter are that co is a single parameter, it is more robust to fluctuations in the data 
(especially with the highly correlated inverse relationship between k and Loo), and it 
avoids the dilemma of a possible rejection o f the null hypothesis for one parameter (e.g., 
k) while failing to reject the null hypothesis of the other parameter (e.g., Loo).
To investigate potential differences in the weight-at-length relationships between 
the aforementioned groups, we applied the common allometric power model (Quinn and 
Deriso 1999):
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w, = a L f , (3)
where Wi is weight at length a governs the steepness of the curve and ft scales the 
height of the curve. As a secondary analysis, parameter estimates of p  were also used to 
determine whether growth within each group was allometric or isometric.
PARAMETER ESTIMATION
For both the reparameterized von Bertalanffy and power models, parameter 
estimates were obtained using nonlinear regression techniques which have the following 
assumptions: 1) the expected values of the error, for each value o f i is equal to zero, 2) 
the values of e,- are independent and identically and normally distributed, and 3) the 
variance of is constant across all values o f i. These assumptions were tested for each of 
the data sets (i.e. disease-positive versus disease-negative fish, males versus females, and 
for disease-positive and disease-negative fish by sex).
When the residuals of the reparameterized von Bertalanffy model applied to the 
length-at-age data were plotted, approximately 50% were less than zero and 50% were 
greater than zero, implying that assumption (1) holds. The majority of the length data 
were normally distributed for each age-class (Kolmogorov-Smimov test,/? > 0.05, SAS 
2002) implying that assumption (2) holds. The constant variance assumption was, 
however, violated (homogeneity of variance test,/? < 0.05, SAS 2002). Because the 
length data were normally distributed, an additive error structure was assumed and 
weighted least squares (WLS) was used to internally adjust for heteroscadicity. The use
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of WLS implies that the variance associated with e, is known up to a certain constant of 
proportionality. The weighting factor was assumed to be the inverse of the number of 
length observations for each age-class.
When the residuals were plotted for the weight-at-length data, approximately 50% 
of the residuals were less than zero and 50% were greater than zero, implying that 
assumption (1) again holds. Nearly 100% of the weight data were normally distributed 
for each length-class (Kolmogorov-Smimov test,;? > 0.05, SAS 2002). The constant 
variance assumption was, however, violated (homogeneity of variance test,;? < 0.05, SAS 
2002). As with the length-at-age modeling, WLS and additive error structure were again 
used to account for violation of this assumption. The weighting factor was assumed to be 
the inverse of the number of weight observations for each length-class.
DISEASE AND BIOLOGICAL DIFFERENCES
Two groups within each o f four categories (i.e., disease-positive versus disease- 
negative fish, males versus females, disease-positive males versus disease-negative 
males, and disease-positive females versus disease-negative females) were tested to 
determine any significant growth differences within the categories. The null hypothesis 
(Ho) tested for each of the four categories was that there is no significant difference in 
growth between each of the two groups within those four categories o f striped bass. 
Therefore, our alternate hypothesis (H a) is that there are significant differences in growth 
between each o f the aforementioned categories. To assess differences in growth 
dynamics for each category o f striped bass, parameter estimates from the reparameterized 
von Bertalanffy and power model were compared using the Fisher-Behrens statistic:
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where 6i is the parameter estimate (i.e., co or p) and 57 is the standard error o f6i . A t-test
was used to determine if the weight-at-length relationship within each group was 
allometric or isometric. Growth was determined to be isometric if  the parameter 
estimates for /? were not significantly different from 3. If parameter estimates for f3 were 
significantly different from 3, growth was determined to be allometric (Quinn & Deriso, 
1999).
RESULTS
DISEASE STATUS
A total of 1459 fish were processed for disease determination and used in the 
growth analyses. O f these fish, 709 were disease-positive and 750 were disease 
negative. Apparent prevalence of mycobacteriosis increased with increasing age and 
peaked at age-5 (81.1 %), after which prevalence decreased and then leveled off to around 
70% (Figure 2a; Gauthier et al. in preparation). The parameter estimates of co indicated a 
significant difference in the length-at-age relationship between disease-positive and 
disease-negative fish and therefore we rejected the null hypothesis (p < 0.001; Z=  5.697; 
Table la, Figure 3). Estimates o f /? indicated no significant difference in the total weight- 
at-length relationship (p > 0.05; Z = 1.514; failed to reject Ho) however, there was a 
significant difference in the eviscerated weight-at-length relationship (p < 0.001; Z = 
4.401; Ho was rejected) between disease-positive and disease-negative fish (Tables 2 and 
3, Figure 4). Growth was allometric for both disease-positive fish (p < 0.001) and
disease-negative fish (p < 0.001) when using the total weight-at-length estimates of f3, 
however, when using the eviscerated weight-at-length estimates o f /?, growth was 
isometric for disease-negative fish (p > 0.05).
BIOLOGICAL DIFFERENCES
Since the sex of 40 individuals could not be determined, a total of 1420 fish was 
used to investigate differences among the growth of males and females. O f these fish,
901 were male and 519 were female. Estimates of co showed a significant difference in 
the length-at-age {p < 0.02; Z =  2.132; H0 was rejected; Table la, Figure 5) relationship 
between males and females. Estimates of (3 also showed a significant difference in the 
total weight-at-length (p < 0.001; Z =  8.392; Ho was rejected; Tables 2) and eviscerated 
weight-at-length (p < 0.001; Z = 4.603; Ho was rejected; Table 3, Figure 6) relationship 
between males and females. Growth was allometric for females (p < 0.001) and 
isometric for males (p > 0.05) when using estimates o f f3 from either the total weight-at- 
length and eviscerated weight-at-length models.
DISEASE ANALYSES BY SEX
The striped bass used in the biological analysis were also used to determine 
differences in growth between disease-positive and disease-negative fish by sex. O f the 
males, 504 were disease-positive and 397 were disease-negative. O f the females, 198 
were disease-positive and 320 were disease-negative. As in the previous analysis, the 40 
fish o f unknown sex were eliminated. For males, apparent prevalence of mycobacteriosis 
increased with increasing age until age-8 where prevalence peaked at 92.6% and then 
leveled off at around 85% prevalence. For females, apparent prevalence of
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mycobacteriosis increased with increasing age until age-6 (100%) after which prevalence 
dropped off dramatically (Figure 2b; Gauthier et al. in preparation). The length-at-age 
analyses showed there to be significant differences in the estimates of co between the 
disease-positive and disease-negative males (p < 0.001; Z=  5.158; Ho was rejected; Table 
lb, Figure 7a) and between disease-positive and disease-negative females (p < 0.001; Z = 
3.219; H0 was rejected; Table lb, Figure 7b). Estimates o fp  for total weight-at-length 
show a significant difference between disease-positive and disease-negative females {p < 
0 .03;Z  = 2.157;Ho was rejected; Table 2) however, there was no significant difference 
between disease-positive and disease-negative males (p > 0.05; Z =  0.678; failed to reject 
Ho; Table 2). Estimates of ft for eviscerated weight-at-length show a significant 
difference between both disease-positive and disease-negative males (p < 0.03; Z =
2.814; Ho was rejected; Table 3, Figure 8a) and between disease-positive and disease- 
negative females (p < 0.03; Z =  3.497: Ho was rejected; Table 3, Figure 8b). Both 
disease-positive and disease-negative females showed allometric growth (p < 0.001), 
when using the total weight-at-length estimates of /?, while both disease-positive and 
disease-negative males showed isometric growth (p > 0.05). However, when using the 
eviscerated weight-at-length estimates of P  disease-negative males and disease-positive 
females showed allometric growth (p < 0.001), while disease-positive males and disease- 
negative females showed isometric growth (p > 0.05).
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DISCUSSION
The modified von Bertalanffy model showed a significant difference in the 
length-at-age and that over the life span of striped bass (29 years; Merriman 1941) 
disease-positive fish were smaller than disease-negative fish after age-1. There was also 
a significant difference in the eviscerated weight-at-length relationship between disease- 
positive and disease-negative striped bass. Differences in the growth of disease-positive 
and disease-negative striped bass may be caused by a variety of factors. One potential 
cause for the disparity in growth is differences in energy intake due to differences in diet 
composition between disease-positive and disease-negative fish. However, there was no 
significant difference in the diets of disease-positive and disease-negative striped bass 
and therefore, potentially no differences in the energy intake (Chapter 2). If there is no 
difference in the diet, slower growth and smaller maximum size could likely be the result 
o f energy being allocated to address the presence of disease rather than being available 
for somatic growth. However, it is also possible that diseased fish are not feeding as 
often as non-diseased fish and therefore are not consuming as much prey, possibly 
accounting for the differences in growth.
Significant differences were found in the length-at-age and both total weight and 
eviscerated weight-at-length relationships between males and females and confirm 
previous findings of sexual dimorphism in Atlantic coast striped bass (Pearson 1938, 
Mansueti 1961, Jones et al. 1977). Differences in the weight-at-length relationship for 
male and female striped bass also confirmed previous findings (Merriman 1941,
Mansueti 1961). Although gonads were not weighed once removed, the differences in 
total weight between males and females is possibly due to differences in gonad weight
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between males and females. The sex ratio of the catch was skewed toward males in this 
study at just over 1.5:1.0 (901 males, 518 females). It is possible that the sex ratio is 
skewed in this study partly due to male striped bass remaining in Chesapeake Bay until a 
later age than female striped bass. The striped bass population in Chesapeake Bay is 
composed of a resident and migratory component (Kohlenstein 1981, Dorazio et al.
1994). The resident component of the striped bass population is comprised mostly of 
males up to age-4 or 5 and females up to age-3 or 4. Older striped bass partake in coastal 
migrations, returning to Chesapeake Bay to spawn in the spring (Pearson 1938, Merriman 
1941, Kohlenstein 1981). Larger striped bass may be able to avoid the trawl net and 
since females tend to be larger than male striped bass this could further skew the sex 
ratio.
Disease-positive males comprised the majority o f the fish collected. Males 
showed higher prevalence of mycobacteriosis for a given age class beyond age-2, with 
the exception of age-6 (possibly due to low sample size), while disease-positive females 
showed higher prevalence for a given age only from age-3 to age-6, after and before 
which disease-negative fish dominated. Chesapeake Bay is the primary spawning ground 
and an important nursery area for striped bass (North and Houde 2001, ASMFC 2003), 
contributing up to 90% of the Atlantic coast striped bass population annually (Merriman 
1941, Berggren and Lieberman 1978, Wirgin et al. 1993). Because male striped bass 
spend a longer period of time in the bay before their coastal migration, they are therefore 
more likely to be exposed to the bacteria that cause mycobacteriosis and for a longer time 
than are females. Analyses showed a significant difference in the length-at-age and 
eviscerated weight-at-length relationships between disease-positive and disease-negative
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males. There were also significant differences between the length-at-age and total weight 
and eviscerated weight-at-length relationship between disease-positive and disease- 
negative females. Parameter estimates show disease-positive females reach a smaller 
maximum size than do their disease-negative counterparts, which is consistent with the 
length-at-age analysis of diseased fish, irrespective of sex.
With the recent increase in population size and the development of 
mycobacteriosis in Chesapeake Bay striped bass, it is even more important to determine 
the effects this disease has on the ecology and biology of striped bass. Differences in 
growth between disease-positive and disease-negative striped bass could have potential 
negative consequences on reproduction as smaller females produce fewer eggs. While 
this study is an important first step in our understanding of the mycobacteriosis problem 
in Chesapeake Bay, more research is needed to thoroughly examine the ecological effects 
of this disease on the striped bass population and the environment.
While this study is an important first step in our understanding of the 
mycobacteriois problem in Chesapeake Bay, more research is needed to thoroughly 
examine the ecological effects of this disease on the striped bass population and the 
environment. In this study no significant differences in diet were found between disease- 
positive and disease-negative striped bass. However, this study looked at diet 
composition only. It is possible that there maybe differences in the amount (daily amount 
of food consumed) and quality (energy density) of prey consumed by diseased and non­
diseased striped bass and further work is needed in this area. The severity of 
mycobacteriosis was also not assessed and further work can be in done in this area. It is 
possible that most of the striped bass that tested positive for the disease where only
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mildly infected. If this is the case, the mildly infected striped bass could possible have a 
similar diet to disease-negative and fish and therefore no difference in diet may be 
detected. This study also assessed differences in the growth between diseased and non­
diseased striped bass. While it was shown that were differences in growth between 
disease-positive and disease-negative striped bass, further work is needed to determine 
the physiological reasons for differences in growth.
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Table 1 (a). Parameters estimates and standard errors for the length-at-age models
considered for striped bass (overall, by sex, and by disease status).
Model Parameters Estimate SE
Disease-positive Fish
k 0.06 0.01
to -1.42 0.15
CO 79.90 3.51
Leo 1245.90 82.10
Disease-negative Fish
k 0.09 0.01
to -0.67 0.08
CO 107.30 3.29
Leo 1211.70 48.02
Males
k 0.11 0.01
to -1.07 0.10
CO 97.94 3.46
Leo 887.20 27.14
Females
k 0.09 0.01
to -0.55 0.10
CO 109.30 4.05
Leo 1262.30 56.94
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Table 1 (b). Parameters estimates and standard errors for the length-at-age models
considered for striped bass by disease status and sex.
Model Parameters Estimate SE
Disease-positive Males
k 0.23 0.01
to -0.26 0.07
CD 146.70 5.07
Leo 650.00 10.27
Disease-negative Males
k 0.12 0.01
to -0.68 0.09
CO 112.80 4.18
Leo 939.70 35.47
Disease-positive Females
k 0.10 0.01
to -0.62 0.17
CO 109.60 6.67
Leo 1140.00 75.39
Disease-negative Females
k 0.11 0.01
to -0.23 0.06
CO 134.80 4.10
Leo 1204.50 40.85
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Table 2. Parameters estimates and standard errors for the total weight-at-length models
considered for striped bass.
Model Parameters Estimate SE
Disease-positive Fish
a 4.69 x 10‘y 4.38 x 10'1U
p 3.15 0.01
Disease-negative Fish
a 5.78 x 10‘y 5.82 x 10"1U
p 3.12 0.02
Males
a 1.06 x 1 O'8 8.56 x 10‘1U
p 3.02 0.01
Females
a 2.95 x 10‘y 3.95 x 10'1U
p 3.23 0.02
Disease-positive Males
a 1.02 x 1 O’8 1.25 x 10'y
p 3.03 0.02
Disease-negative Males
a 1.15 x 10'8 1.08 x 10'y
p 3.01 0.02
Disease-positive Females
a 2.04 x 10'y 3.74 x 10’1U
p 3.28 0.03
Disease-negative Females
a 3.65 x 10'y 7.72 x 10'1U
p 3.19 0.03
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Table 3. Parameters estimates and standard errors for the eviscerated weight-at-length
models considered for striped bass.
Model Parameters Estimate SE
Disease-positive Fish
a 6.46 x 10'y 4.62 x 10'1U
p 3.08 0.011
Disease-negative Fish
a 1.01 x 10'* 7.56 x 10'1U
p 3.014 0.011
Males
a 1.08 x 10'* 7.02 x 10'1U
p 3.002 0.010
Females
a 6.16 x 10'y 6.59 x 10'1U
p 3.023 0.016
Disease-positive Males
a 9.51 x 10"y 9.20 x 10'10
p 3.022 0.015
Disease-negative Males
a 1.35 x 10'* 1.04 x 10'y
p 2.968 0.012
Disease-positive Females
a 4.28 x 10'y 5.90 x 10’1U
p 3.146 0.021
Disease-negative Females
a 8.58 x 10'y 1.32 x 1 O'9
p 3.038 0.023
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FIGURE CAPTIONS
Figure 1. Sampling locations where striped were captured by ChesMMAP and the VIMS 
Juvenile Fish and Blue Crab Trawl Survey during 2003. Similar spatial coverage was 
achieved for 2002, 2004, and 2005.
Figure 2. Age-specific apparent prevalence o f mycobacteriosis a) overall and b) for male 
(gray) and female (white) striped bass collected in Chesapeake Bay from 2003 -  2005. 
Sample size is shown above bars.
Figure 3. Observed length-age data and fitted disease status growth models for striped 
bass collected in Chesapeake Bay from 2003 -  2005.
Figure 4. Observed total weight-length data and fitted disease status growth models for 
striped bass collected in Chesapeake Bay from 2003 -  2005.
Figure 5. Observed length-age data and fitted male and female growth models for striped 
bass collected in Chesapeake Bay from 2003 -  2005.
Figure 6. Observed total weight-length data and fitted male and female growth models for 
striped bass collected in Chesapeake Bay from 2003 -  2005.
Figure 7. Observed length-age data and fitted growth models of disease status by sex 
differences for striped bass collected in Chesapeake Bay from 2003 -  2005.
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Figure 8. Observed total weight-length data and fitted growth models o f disease status by 
sex differences for striped bass collected in Chesapeake Bay from 2003 -  2005.
79
37
°0
0*
 
37
°3
0‘ 
38
°0
0‘ 
38
°3
0'
 
39
°0
0‘
Fig. 1.
) A t la n t ic  O c e a n
Legend
77°30l 7?°00' 76°30' 7 S W
80
.OO
oZ
E 
.O
Eo
ZE
 
,00
o8
£ 
.OE
oB
E 
.0
0o
6£
A
pp
ar
en
t 
Pr
ev
al
en
ce
Fig. 2a.
1 i
0.9 
0.8 
0.7 
0.6 
0.5 H 
0.4 
0.3 
0.2 
0.1 
0
157
286
526
223
74
27
54
6 7
Age
36
27 28
10 11 +
81
A
pp
ar
en
t 
Pr
ev
al
en
ce
Fig. 2b.
□ Males
□ Females0.9
0.8
1830.7 :
0.6 160
125
0.5 I
0.4 -j 288
0.3 232
0.2
0.1
0
1 2  3 4 5 6 7
Age
9 10 11+
82
Obs. Disease+ 
Obs. Disease- 
' W°deJ Disease+ 
^fode] Disease-
Ev
isc
er
at
ed
 
W
eig
ht
 (
kg
)
Fig. 4.
° Obs. Disease+
♦ Obs. Disease- 
 Model Disease+
Model Disease-
12
10
8
6
4
2
0
0 200 400 600 800 1000
Length (mm)
1200
84
Le
ng
th 
(m
m
)
Fig. 5.
1200
Obs. Males 
Obs. Females 
Model Males 
Model Females
1000
800
600 Oo
od
400 ’♦0
200
T
10 12 14 16
Age
85
Ev
isc
er
at
ed
 
W
ei
gh
t 
(k
g)
Fig. 6.
18 i
o Obs. Males 
16 ] ♦ Obs. Females
! ,  Model Males
Model Females
12
10
8
6
4
2
0
0 200 400 600 800 1000
Length (mm)
1200
86
Le
ng
th 
(m
m
)
Fig. 7a.
900
Obs. Disease+ 
Obs. Disease- 
Model Disease+ 
Model Disease-
800
700
600 o Ooo'
*  o°o ofUs fr oo ° 0  o
L i  r  •
Oo
500
400
300
♦♦
200
100
0 2 4 6 8 10 12 14 16
Age
87
Le
ng
th 
(m
m
)
Fig. 7b.
1200
Obs. Disease+ 
Obs. Disease- 
Model Disease+ 
Model Disease-
1000
800
600
V 'W > o  o400
200
161410 124 6 80 2
Age
88
Ev
isc
er
at
ed
 
W
ei
gh
t 
(k
g)
Fig. 8a.
o Obs. Disease+
16 Obs. Disease- 
Model Disease+ 
Model Disease-
14
12
10
8
6
4
2
0
600 800 10000 200 400
Length (mm)
1200
89
Ev
isc
er
at
ed
 
W
ei
gh
t 
(k
g)
Fig. 8b.
o Obs. Disease+ 
♦ Obs. Disease-
Model Disease+ 
Model Disease-
14
12
10
8
6
4
2
0
0 200 400 600 800 1000
Length (mm)
1200
90
VITA
Kathleen Anne McNamee 
Bom in Tulsa, Oklahoma on Febmary 16, 1979. Graduated from Washington-Lee High 
School in Arlington, Virginia in 1997. Graduated from Old Dominion University in 
Norfolk, VA in 2001 with a B.S. in Biology with a minor in Oceanography. After 
graduation worked for two years at the Center for Quantitative Fisheries Science for Dr. 
Cynthia Jones working on otolith mircochemistry of larval and juvenile croakers. Taught 
a program on the Chesapeake Bay watershed for Discovery Creek Children’s Museum in 
Washington, DC. Entered the master’s program at the Virginia Institute of Marine 
Science, The College of William and Mary in 2004.
91
